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Abstract 

 

Surficial heterogeneous soils such as till, alluvial fans or slope deposits are difficult to 

characterize by geotechnical tests due to the presence of decimeter to meter sized pebbles or 

rocks. The effective resistivity of such two-component medium composed of a percentage of 

resistive particles embedded in a conductive matrix is given by the Bussian’s equation. The 

application of this equation allows the concentration of resistive particles to be determined if 

the resistivity values of each component and of the mixture, as well as the cementation 

exponent m, are known.  However, previous theoretical and experimental studies have shown 

that the effective resistivity is affected by the shape of the particles. The objective of this 

study is to numerically determine the 2D effects of particle shape and orientation on the 

resistivity. Two configurations have been considered in the Finite Element modeling: 

laboratory like measurements and field layout. For circular particles, the numerical results fit 

the Bussian’s equation with an exponent m of 2. Aligned elongated particles induce an 

anisotropy which can raise or diminish the exponent m, depending on the particle orientation 

and on the tortuosity of the current paths.  Field experiment simulations showed that m varies 
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between 2.5 and 3.1 for an aspect ratio of 5 and that anisotropy resulting from the particle 

shape has little effect (m close to 2) when this ratio is lower than 2.5. This increase of m with 

the aspect ratio is in agreement with the theoretical model of Mendelson and Cohen and is 

consistent with the results of experimental studies. For laboratory measurement simulations, 

m values vary between 1.3 and 4 for a particle aspect ratio of 5, whatever the resistivity 

contrast between the particles and the matrix. The difference of results between the two 

configurations is explained by the paradox of anisotropy. 

 

Keywords : electrical resistivity, heterogeneous soil, anisotropy, particle shape, 

cementation exponent. 

 

Introduction 

 

Electrical prospecting methods are increasingly used for characterizing shallow 

geological layers. With the development of multi-electrode arrays and rapid inversion 

methods (e.g.  Oldenburg and Li, 1994; Loke and Barker, 1996), ERT (Electrical Resistivity 

Tomography) emerged as a major tool for near-surface investigation purposes. Among others, 

common environmental and engineering applications are fluid migration (Park, 1998), 

detection of contaminants (Godio and Nadi, 2003), mapping of internal landfill structures 

(Bernstone et al., 2000), imaging faults (Demanet et al., 2001), landslide investigations 

(Havenith et al., 2000) and imaging of engineered hydraulic barriers (Daily and Ramirez, 

2000). 

Nadi,Na l di -----Naldi
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One of the major reasons for using electrical resistivity is the broad range of resistivity 

values (Reynolds, 1997), allowing the potential discrimination between various geological 

materials or their conditions, including water content, fracturing or contamination. Resistivity 

measurements have been widely used to assess various properties of geological formations, 

particularly by the oil industry for evaluating the porosity and hydrocarbon bearing capacity 

in sedimentary rocks. The quantitative interpretation of resistivity measurements is usually 

based on the experimental law (Archie, 1942), which for a porous saturated rock is:  

 

m
fa −= φρρ0 (1) 

 

where ρ0 is the resistivity of the rock, ρf is the resistivity of the fluid, φ is the porosity 

(volume fraction of water filled pores) and a and m are two coefficients. The coefficient m is 

often called the cementation exponent. Numerous studies (for a review, see Jackson et al., 

1978; Chinh, 2000 or Friedman, 2005) have shown that a wide variety of unconsolidated 

sediments obey Archie’s law with an exponent m ranging between 1.3 and 4 and with a value 

of a close to 1. The coefficient a must be strictly equal to 1 to satisfy the condition ρ0=ρf

when φ =1. Although a=1 is found to hold for clean sands, many core measurements require a

≠ 1 in equation 1 to obtain satisfactory fitting (Bussian, 1983). The presence of clays is then 

usually considered by adding a term explicitly incorporating clay conductivity in equation 1, 

expressed in terms of conductivity, and by keeping a=1 (McNeill, 1990). Jackson et al. (1978) 

experimentally studied the resistivity-porosity particle relationship for marine sands and 

found that the exponent m is mainly dependent on the shape of the particles, increasing from 

1.2 for spheres to 1.9 for platey fragments.  

In 1981, Sen et al. proposed a self similar model based on the Hanai-Bruggeman 

approach (Bruggeman, 1935; Hanai, 1968). In this model, the porous medium is characterized 
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as a water suspension of solid grains and each rock grain is coated with a skin made of other 

coated grains. In the dc limit, the rock resistivity for non-conducting spherical particles is 

given by equation 1 with a=1 and m=1.5. For non spherical particles, the exponent m is 

greater than 1.5 for platey grains and cylindrical particles with axis perpendicular to the 

electrical field, and smaller than 1.5 for plates and cylindrical particles with axis parallel to 

the external field.  

Mendelson and Cohen (1982) and Sen (1984) generalized the theory of Sen et al. (1981) 

to the case of ellipsoidal particles with two distributions of orientations: randomly oriented 

particles in 3D and particles with aligned principal axis in 2D. In the former case, the 

resistivity obeys Archie’s law with a=1 and m=1.5 for spherical grains. The presence of oblate 

particles raises m significantly. Aspect ratios of about 4, 10 and 14 increase the exponent m to 

2, 3 and 4, respectively. For 2D aligned particles, the resistivity is a tensor with principal 

values satisfying a generalized Archie’s law: 

 

m
fii a −= φρφρ )( (2) 

 

where ρ i is the ith principal value of resistivity and ai(Φ) is a porosity dependent 

coefficient. Mendelson and Cohen (1982) found that the exponent m had a minimum value of 

2, independent of the particle shapes if all particles were aligned and had the same shape 

(including circular ones). Nevertheless, the coefficients ai in equation (2) depend on the 

particle shape and orientation, varying between 0.1 and 4 for grains with eccentricities in the 

range 0-0.95. In the case of aligned particles with a distribution of shapes or if the particles 

are randomly oriented, the value of m is increased. An output of the work of Mendelson and 

Cohen (1982) is that the rock resistivity is more sensitive to the porosity in 2D (m=2 for 

circular grains) than in 3D (m=1.5 for spherical grains).   



5

Bussian (1983) extended the work of Sen et al. (1981) to include a conducting rock 

matrix. Based on the Hanai-Bruggeman approach, he related the electrical properties of any 

heterogeneous two-component mixture to the properties of individual components. The 

effective resistivity ρ0 of a biphasic medium composed of resistive particles (ρi) embedded in 

a conductive matrix (ρf) is given by:  
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where C is the fractional volume of dispersed particles. This model is applicable to any 

formation in which a finite resistivity value can be ascribed to each component. It is worth 

noting that ρ0=ρi when C=1 and that ρ0=ρf when C=0. For very high resistivity contrasts ρi/ρf,

equation 3 is similar to Archie’s law (equation 1) with a = 1.

All the above relationships, initially developed for oil industry, have applications in other 

areas, like in engineering geology where heterogeneous materials are commonly encountered.  

Figure 1a shows a typical surficial alluvial fan deposit which is frequently found in the 

mountain ranges and especially in the Alps. It is made of limestone particles and blocks (cm 

to dm size) embedded in a matrix of marly clay. Particle size distribution (Figure 1b) shows 

the presence of a plateau for fine particle sizes and a strong gradient between 5 and 10 mm, 

highlighting the two-component characteristic of the material (Figure 1c). The electrical 

structure of such deposit, made of resistive particles in a conductive matrix, is very similar to 

the one of a porous medium with resistive grains saturated with a conductive fluid. Recently, 

Rey et al. (2006) proposed to use equation 3 with m=1.5 / 2 in a 3D / 2D system for 
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determining the concentration of stony particles in a coarse soil from in situ resistivity 

measurements on the deposit and on its two components. The use of these m values is 

supported by experimental data on sphere-like and cylindrical inclusions. Several authors 

(among others, Atkins and Smith, 1961, Jackson et al., 1978, Friedman and Robinson, 2002) 

made experiments on natural sands and found m values close to 1.5 for reported sphericity 

values ranging from 0.73 to 0.83. Their results compare well with the Bussian’s predictions 

for non-conducting particles and m values of 1.5 (Figure 2). In 2D, Lobb and Forester (1987) 

studied the resistance of square metal sheets as a function of the area of randomly drilled 

holes. Their results (Figure 2) agree very well with the Bussian’s prediction for m=2, up to a 

hole concentration of 40 %. Above this value, resistivity measurements diverge from the 

theoretical curve, probably as a result of the effect of overlapping holes (Lobb and Forester, 

1987).   

Shallow heterogeneous materials often show a preferential oriented fabric, such as till 

(Lawson, 1979; Rappol, 1985; Benn, 1995), colluvium (Millar and Nelson, 2001) or mudflow 

(Lindsay, 1968). The limestone particles shown in Figure 1a are not spherical and exhibit 

aspect ratio values as high as 2.5. If non-spherical (oblate or prolate) particles have some 

preferential alignment, the soil becomes anisotropic and its resistivity depends on the 

direction in which it is measured. Several authors examined the effect of particle shape and/or 

orientation on the electrical properties of the material, through laboratory investigation 

(Willye, 1953; Atkins and Smith, 1961; Jackson et al., 1978; Kujiper et al., 1996; Friedman 

and Robinson, 2002) or theoretical models (Sen et al., 1981; Mendelson and Cohen, 1982; 

Bussian, 1983; Kuijper et al., 1996; Zimmerman, 1996). About the influence of the particle 

shape, the main conclusion is that the mixture resistivity generally increases when particles 

are elongated, for both 2D or 3D, leading to higher values of the cementation exponent m. As 

mentioned before, theoretical works highlighted that m is higher in 2D than in 3D, showing 

the higher sensitivity of resistivity to porosity (or particle concentration) in 2D. Experimental 
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results for non-spherical particles are plotted in Figure 2 and  compared to the predictions of 

the Bussian’s equation for non-conducting particles and for three values of the cementation 

exponent (m=1.5, 2 and 3). Atkins and Smith (1961) showed that m became greater as the 

particles became more platy: 1.6 for sand, 1.9 for kaolinite, 2.7 for calcium montmorillonite 

and 3.3 for sodium montmorillonite (Figure 2). Another experimental work on the 

relationships between particle shape and resistivity was made by Jackson et al. (1978). They 

showed that samples of natural sands have values of m in the range 1.4 (round sand, sphericity 

of 0.83) to 1.6 (platy sand, sphericity of 0.78), consistently with the theoretical value (1.5) for 

spherical grains. For shell fragments (sphericity of 0.5) they found m=1.9. Recently, Friedman 

and Robinson (2002) made electrical measurements on quartz sand and tuff grains with a 

mean sphericity of 0.73 and 0.59, respectively. The obtained resistivity values are slightly 

lower and higher than the ones expected for spherical particles (Figure 2). Jackson et al. 

(1978) linked these m variations with sphericity to the increase of the tortuosity of the current 

flow paths. To our knowledge, no systematic experimental work addressed the influence of 

the particle orientation on the mixture resistivity. For aspect ratios ranging from 1/5 (oblate 

shape) to 5 (prolate shape), Kuijper et al. (1996) calculated the anisotropy in the conductivity 

parallel and perpendicular to the principal axis for packings of aligned non-conducting 

ellipsoids, using a random walk algorithm. They found significant variations of the 

cementation exponent m with the aspect ratio and the component of the conductivity tensor. 

For aligned oblate ellipsoids and a porosity of 0.5, they determined m values of 1.2 and 2.6 

for particles being respectively parallel or perpendicular to the current flow. In all previous 

studies the particles were assumed to be non-conducting. 

This paper aims at studying the influence of the shape and orientation of finite resistive 

particles on electrical measurements, using 2D numerical modeling. Two measurement 

configurations were considered in the modeling, corresponding to laboratory and field tests. 

The limitation to 2D computations is justified by the dense meshing and the large number of 
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finite elements required for correctly simulating the current flow in a heterogeneous medium. 

The consistency of the numerical results with the existing theoretical models and 

experimental data will be analyzed and the extension of the results to the 3D case will be 

discussed.  

 

2D Numerical modelling 

 

The effect of particle shape and orientation on the effective resistivity of a heterogeneous 

medium was simulated for laboratory or field measurements, as shown in Figure 3.

Laboratory tests (Figure 3a) consist in applying a current I through a core sample (Butler and 

Knight, 1995; Chan et al., 2000). In such a configuration, the surface current electrodes (C1,

C2) are in contact with the extremities of the sample and the induced difference of potential 

∆V is measured between two electrodes (P1, P2) along the sample surface. The apparent 

resistivity is given by equation 4, where P1P2 is the distance between the potential electrodes 

and A is the sample cross sectional area: 

 

I
V

PP
A

a
∆

=
21

ρ (4) 

 

Electrical Resistivity Tomography (ERT) is now a classical and widely used multi 

electrode method for imaging the subsurface (Reynolds, 1997). Several layouts can be used 

for acquiring the data (for a recent review, see Dahlin and Zhou, 2004). In such in-situ 

measurements, a current I is injected between two current electrodes (C1, C2) and the 

difference of potential is measured between two potential electrodes (P1, P2) (Figure 3b). In 

2D, the apparent resistivity ρa for a configuration of four electrodes is given by equation 5. 
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One of the most common system is the Wenner-α layout using a collinear arrangement of 

four equally spaced electrodes (Barker, 1979). In numerical modeling we simulated a 

Wenner-α array with a maximal number of 50 electrodes, and for minimal and maximal 

electrode spacings (amin, amax) of 8R and 12R, respectively, where R is the particle radius. The 

simulated sequence is composed of 68 measurements of apparent resistivity, representing half 

of the maximum number of possible measurements. Numerical tests showed that this 

reduction, which significantly decreases the computation time, does not affect the average 

apparent resistivity. In the case of an heterogeneous medium mixing a conductive matrix and 

resistive particles, the aim of these measurements is to obtain the effective resistivity value 

corresponding to the homogenized medium and then to deduce the particle concentration. For 

field measurements, some relations are required between the minimum electrode spacing amin 

and the particle size R to ensure the homogenization. The correct simulation of the current 

flow in a heterogeneous medium also imposes strong constrains on the geometric and 

numerical parameters, which are discussed below.  

We used the finite-element (F.E.) code CESAR developed by the LCPC (Humbert, 1989; 

Mestat, 1997; Marescot et al., 2006) for simulating the current flow at steady state. The mesh 

is composed of three-node elements. The 2D model structure (Figure 4) is composed of a 

rectangular conductive body (resistivity ρΜ) containing randomly spread circular or elongated 

resistive particles (radius R, resistivity ρι). In the case of field simulations, this heterogeneous 

zone is bordered by an external homogeneous area (resistivity ρe, Figure 4), whose effect on 
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the simulated measurements was corrected (Rey, 2005). In a first step, the numerical and 

geometric conditions were extensively tested in order to insure the correctness of the FE 

results within the heterogeneous zone. Details on the meshing and geometric requirements can 

be found in Rey et al. (2006). Here, the main conditions controlling the number of elements 

are outlined: (1) the size of the model is constrained by the boundary conditions (null 

potential), a maximum error of 0.5 % being imposed on the resistivity values. The mesh must 

then be respectively over 30 amax large and 15 amax deep, where amax is the maximum electrode 

spacing in the Wenner-α array, (2) the number of finite elements around each particle must be 

over 40 to limit numerical error under 0.5 %, (3) the ratio (a /R) between the electrode spacing 

a and the particle radius R must be greater than 8 in order to homogenize the mixture of soil 

and particles (Rey et al., 2006), (4) the correct simulation of the current flow between two 

neighbor particles requires at least two finite elements, limiting the volume percentage of 

particles to a maximum of 40%. For these conditions, the elemental sampling volume can be 

assessed to be 60 times to 100 times larger than the particle size for getting an effective 

medium representation.  

The maximum number of finite elements in the code is limited to 1.105. With this constrain 

and the above requirements, 2D simulations impose a number of finite elements close to this 

limit, making the correct 3D modeling of the problem not possible with this computational 

capacity.  

 

Numerical results 

 

For each numerical computation, ten models were randomly simulated in order to get the 

average resistivity and the error bars (two standard deviations). The influence of circular 

resistive particles randomly dispersed in a conductive matrix was first simulated for both 
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laboratory and field measurements (Figure 3), using FE analysis with the conditions specified 

above. A contrast of 1000 between matrix and inclusions was considered, with concentrations 

C ranging from 0% to 40 % at increment of 5%. For each concentration value, the average 

normalized resistivity values ρn = ρο /ρM versus particle concentration are given in Figure 5a,

with the error bars. As the electrode spacing was chosen to homogenize the mixture, the mean 

apparent resistivity can be considered as the effective resistivity of the medium (Rey, 2005). 

For a high resistivity contrast (ρi /ρM = 1000), Figure 5a shows a resistivity augmentation due 

to the particle percentage and a progressive increase of the slope of the curve with 

concentration values. For circular particles, the normalized effective resistivity ρn does not 

depend on the type of simulated measurements (laboratory or field) and reaches a value of 2.7 

at a concentration of 40%. In the same figure the main theoretical laws with the parameters 

corresponding to the simulated case are plotted. Equation 2 (Mendelson and Cohen, 1982) 

and equation 3 (Bussian, 1983) using m=2, both provide a good fit to the numerical results. 

This m value was given by Mendelson and Cohen (1982) in the generalized Archie’s law for 

two dimensions when the particles all have the same shape. The plot of the Bussian’s equation 

for m=1.5 (spherical particles) in the same figure highlights its sensitivity to the exponent m.

For such a high resistivity contrast (1000), the hypothesis of non conducting particles made 

by Mendelson and Cohen in equation 2 is quite satisfied, allowing a good description of 

numerical results. However, as shown further, the Bussian’s equation offers the advantage to 

take into account a finite resistivity contrast. These results support the use of Bussian’s 

equation with an exponent m of 2 for explaining the 2D resistivity variations resulting from 

the presence of resistive particles in a conductive matrix. Moreover, numerical simulations 

performed on different particle size populations (R, R’=R/2, R+R’ in equal proportions) show 

that the effective resistivity of the medium is not or little influenced by the size scale of the 

inclusions (figure 5b), as experimentally found by Jackson et al.(1978) on natural sands. 

Nevertheless, as mentioned above, several authors have shown that the exponent m is 

m? in fig 5b?
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influenced by the particle shape and orientation. These effects are now studied in two 

dimensions using numerical modeling.  

Non circular particles were defined by two secant arc circles giving a lens shape (Figure 

6). This choice was made for the easiness to introduce such shape in the meshing. The particle 

shape is characterized by its aspect ratio Ar which is equal to the ratio of the long and short 

axes. Two aspect ratio values (2.5 and 5) were considered and the meshing of the three 

particle types (including the circular ones) is illustrated in Figure 6. The particles were 

randomly dispersed with a constant orientation of their long axis (horizontal, inclined at 45° 

and vertical), introducing an anisotropy in the medium (Figure 7). Computations were 

performed in the same way as for the circular particles. 

Laboratory measurements with a resistivity contrast ρ i /ρM = 1000 were simulated for the 

two aspect ratio values and the three orientations (Figure 8). For Ar=2.5 (Figure 8a), the 

effective resistivity for vertical particles (i.e. transverse to the current flow) is significantly 

higher (ρn =3.7 for C=40%) than for circular ones (ρn =2.7) and the difference increases with 

the particle concentration. On the contrary, horizontally elongated particles (i.e. parallel to the 

current flow) yield effective resistivity values lower (ρn =2.1) than the ones obtained for 

circular ones. Finally, the effective resistivity for oblique particles is slightly higher than for 

circular ones. When the aspect ratio rises from 2.5 to 5 (Figure 8b), the effect on the effective 

resistivity is more significant than from 1 to 2.5, with higher values for vertical (ρn =6.2 for 

C=40%) or inclined particles (ρn =4.4), whereas the effective resistivity values are only 

slightly lowered (ρn =1.9) for horizontal particles. As the resistivity contrast is high (ρ i /ρM =

1000), numerical results for horizontal and vertical particles are compared in the same figure 

with the theoretical formula (Equation 2) given by Mendelson and Cohen (1982) in 2D for 

elliptic particles. The equation predicts similar resistivity variations with the particle 

orientation. A very good fit is obtained for particles parallel to the current flow (horizontal 
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orientation) for the two aspect ratio values. When particles are transverse to the current flow 

(vertical orientation), the theoretical effective resistivity is higher than the one obtained from 

numerical simulations for a concentration over 20%. This discrepancy is probably due to the 

difference of shape between a lens and an ellipse, lenses being thinner at their extremities than 

ellipses for an equivalent aspect ratio, and consequently more easily crossed by the current 

paths. 

Field measurements simulated for the same characteristics (Figure 9) show that the 

particle orientation has a weak influence on the resistivity values for an aspect ratio value of 

2.5, even for concentration values as high as 40%. For Ar=5 the effect of the particle 

orientation is more noticeable. Resistivity values for all orientations are higher than the ones 

for circular particles, the highest resistivity (ρn =4.0 for C=40%) being obtained for horizontal 

particles. This result will be discussed later. For Ar=5, the effective resistivity values are 

bracketed by Bussian’s curves with an exponent of 2.5 and 3.1 while the maximal exponent is 

lower than 2.3 for Ar=2.5. This increase of the exponent m with the particle aspect ratio is 

consistent with the results from laboratory investigation (Jackson and al., 1978) and with 

theoretical models (Mendelson and Cohen, 1982). This effect of the introduced anisotropy, 

which results from the augmentation of the tortuosity within the medium, appears to become 

significant for aspect ratio higher than 2.5. 

All the numerical results presented so far relate to a large contrast of resistivity between 

particles and matrix (ρ i /ρM = 1000) and we now test the influence of this contrast on the 

effective resistivity. Figure 10 shows the evolution of the effective resistivity with the particle 

concentration for an aspect ratio Ar=5 and three different values of electrical contrast (ρi /ρM =

10, 100, 1000). On this graph, the electrode configuration is the one for laboratory 

experiments (Figure 3a). As expected, the effect of anisotropy on the effective resistivity is 

less apparent when the contrast is low. However, the fitting of the numerical results with the 

Bussian’s law yields the same range of m (from 1.3 for horizontal particles to 4 for vertical 
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ones) whatever the contrast of resistivity. The invariance of the m exponent with the 

resistivity contrast has been also observed for field measurements simulations (not shown). 

These results stress out the relationship between the exponent m and the tortuosity. 

Discussion   

The comparison between laboratory (Figure 8) and field (Figure 9) measurement 

simulations shows the higher sensitivity of the laboratory resistivity measurements to 

anisotropy. Another striking feature is that the maximum effective resistivity is obtained for 

two different orientations: vertical particles in laboratory measurements and horizontal ones in 

field measurements. This apparent discrepancy in the results is explained by the theory of 

electrical anisotropy (Keller and Frischknecht, 1966; Wait, 1990). Stratified rocks made of a 

succession of conductive and resistive layers show a two-dimensional anisotropy that can be 

defined by two variables: the longitudinal resistivity (ρL) measured parallel to the plane of 

stratification and the transverse resistivity (ρT) measured normal to this plane. As expected, ρL

is lower than ρT, and the coefficient of anisotropy, defined as λ=√ (ρT / ρL), generally ranges 

between 1 (homogeneous isotropic medium) and 2 (Keller and Frischknecht, 1966). In the 

case of horizontal layers, the apparent resistivity ρaL measured by an electrode array at the 

surface is equal to λρL. When the layers are vertical and the array is oriented perpendicularly 

to the bedding, ρaT equals ρL. In other words, the apparent transverse resistivity ρaT is then 

equal to the longitudinal resistivity ρL and is lower than the apparent longitudinal resistivity 

ρaL.

This paradox of anisotropy is in accordance with the numerical modeling results in 

medium containing elongated aligned particles, as illustrated in Figure 11. Indeed, for 

laboratory measurement simulations (Figure 11a, Figure 11b), the longitudinal resistivity ρL

for horizontal particles (oriented parallel to the current lines) is lower than the resistivity ρT

for vertical particles (oriented transverse to the current lines). For field measurement 
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simulations (Figure 11c, Figure 11d), the apparent resistivity for horizontal particles (ρaL) is 

higher than the one (ρaT) for vertical ones. As already evinced for stratified media (Watson 

and Barker, 1999), the apparent resistivity ellipses in a medium with elongated particles differ 

from the true ones (Figure 11). More quantitatively, we calculated the apparent resistivity 

values ρaT and ρaL, considering the theory of electrical anisotropy and the 2D resistivity values 

ρL and ρT derived from equation 2. The obtained theoretical curves for an aspect ratio of 5 and 

an infinite resistivity contrast (Figure 12) are compared with the numerical results for 2D 

simulated field experiments (with a resistivity contrast of 1000). The fitting is very good for 

horizontally oriented particles. On the contrary, the theoretical curve is lower than the 

resistivity values for vertically aligned particles and for circular particles (Figure 12). These 

results suggest an influence of the tortuosity in the case of vertically aligned particles, which 

increases the resistivity values with regards to the theory of anisotropy.  

For circular particles, the 2D numerical results presented in this paper are consistent with 

the Bussian’s equation (with m = 2) within a wide range of resistivity contrast (from 10 to 

1000) and also with the experimental results of Lobb and Forrester (1987) in the 0-40% 

concentration range. They support the use of Bussian’s equation as an extension of Archie’s 

law for finite resistive particles. The numerical simulations for elongated aligned non-

conducting particles are in agreement with the 2D model of Mendelson and Cohen (1982), 

highlighting the resistivity anisotropy resulting from the particle shape and orientation. For 

the maximum studied aspect ratio (Ar = 5), m values obtained for current lines parallel and 

perpendicular to the principal ellipse axis vary from 1.3 to 4, bracketing the value (m=2) for 

circular particles.  These m values are higher than the ones obtained by Kuijper et al. (1996) in 

3D for a porosity of 0.5, i.e. m=1.2 and m=2.6 for aligned oblate ellipsoids with the same 

aspect ratio. This is in agreement with the increase of m from 3D (1.5) to 2D (2) for spherical 

particles. Finally, 3D experimental data (Figure 2) on elongated particles with an aspect ratio 

close to 2.5 yield m values around 1.8-1.9, which are higher than 1.5 due to the tortuosity but 
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lower than the corresponding ones computed from 2D numerical simulations (m about 2.3, 

Figure 9a). These results highlight the greater sensitivity of effective resistivity to particle 

concentration in the 2D case.  

 

An interesting feature evinced by the laboratory measurements simulations is the 

apparent dependence of the cementation exponent m with the concentration C, particularly for 

a high resistivity contrast and when the particles are perpendicular to the current lines (Figure 

10a). For particles with an aspect ratio of 5, m increases from 3.6  for C=0.4 (porosity of 0.6) 

to 5.2 for C=0.1 (porosity of 0.9). Such a variation was already found by Kuijper et al. (1996) 

for aligned oblate ellipsoids with the same aspect ratio, with an increase of m from 2.6 to 3.7 

for a porosity of 0.5 to 0.9, respectively. These numerical results should be validated by 

experimental data in the future.    

 

Conclusions 

 

The effect of aligned elongated resistive particles embedded in a conductive matrix on the 

effective resistivity was studied by 2D FE modeling for two types of configurations: 

laboratory like experiments and field layouts. For circular particles, simulated effective 

resistivity values fit with the theoretical Bussian’s equation with an exponent m of 2,

whatever the resistivity contrast between the particles and the matrix. These results, along 

with the existing 2D experimental data, support the use of the Bussian’s equation as an 

extension of Archie’s law for finite resistive values. The size distribution of circular 

inclusions was found to have negligible influence on the effective resistivity. 

 In both configurations, the aspect ratio and alignment of particles induce an anisotropy 

which may generate significant variations on the measured effective resistivity. For field 

I am afraid that "porosity " is not, in this context,  the right word
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experiment simulations, numerical results evinced an increase of the effective resistivity and 

of the exponent m with the aspect ratio, whatever the particle orientation and the resistivity 

contrast. Simulation results could always be well fitted with Bussian’s equation, by increasing 

the exponent m with the aspect ratio of the particles. For laboratory measurements, the 

effective resistivity for elongated particles can be lower or higher than the value for circular 

ones, depending on the angle between the current flow paths and the particle major axis. 

Accordingly, m values for an aspect ratio Ar=5 range between 1.3 for longitudinal orientation 

and about 4 for transversal one, bracketing m=2 (isotropic heterogeneous medium containing 

circular particles). The contrast of resistivity between matrix and particles was also found to 

have little influence on the exponent m. The difference of results between the two 

configurations is explained by the paradox of anisotropy. These numerical results compare 

well with the 2D model of Mendelson and Cohen (1982) for insulating particles. They also 

show m variations with the particle orientation, similar to the ones obtained in 3D by Kuijper 

et al. (1996) but with a wider range. This illustrates the higher sensitivity of effective 

resistivity to anisotropy in the 2D case. Also, a decrease of the exponent m with the particle 

concentration was observed, in agreement with the 3D numerical results of Kuijper et al. 

(1996). Our results might have applications in different fields in which two-component media 

including non-spherical particles are studied: petrophysics, composite materials, colloids and 

surficial heterogeneous soils (pebble fabrics in tills, alluvial fans). In such natural deposits 

however, aspect ratios are rarely higher than 2.5, value for which  the 2D anisotropy effect on  

field measurements is found to be weak.  In 3D, this effect is even less significant. Then, if 

the medium can be considered as biphasic, the effective electrical resistivity can be used as a 

robust parameter for estimating the resistive particle concentration in a wide range of surficial 

deposits.  
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Figure captions  

 

Fig. 1: (a) Picture of an alluvial fan deposit in the Alps. (b) Particle size distribution of the 

deposit shown in Figure 1a. (c) Representation of the deposit as a biphasic medium made of 

resistive particles (white circles) embedded in a conductive matrix.  

 

Fig. 2: Effective normalized resistivity as a function of percentage of resistive particles. 

Experimental data from different authors are compared with the predictions of the Bussian’s 

equation for three values of the cementation exponent m. See text for details. 

 

Fig. 3: Schematic view of the two types of simulations: (a) Laboratory measurements, (b) 

Field measurements. C1, C2 are the current electrodes injecting +I and –I, respectively; P1, P2

are the potential electrodes.  

 

Fig. 4: Geometry and meshing of the 2D F.E. numerical model simulating field 

measurements. amax is the maximum electrode spacing and ρi, ρM , ρe are the resistivities of 

particles, matrix, and homogeneous external area, respectively. The heterogeneous area 

(resistivity ρo) is 3amax wide and 0.5amax thick. A zoom of this area is shown. 

 

Fig. 5: Normalized effective resistivity ρn (=ρo /ρM ) as a function of percentage of circular 

particles, for a resistivity contrast of 1000 between particles and matrix (ρi /ρM=1000). (a) 

One size of particles (radius R). Numerical results for laboratory and field measurement 

simulations are shown with white and black circles, respectively. They are compared to 

theoretical formula (full line: Mendelson and Cohen, 1982; dashed line: Bussian, 1983). (b) 
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Comparison of the results for three different particle populations (radii R, R’=R/2 or R + R’ in 

equal proportion).  

 

Fig. 6: Meshing and shape of the three simulated types of particles with an aspect ratio: (a) 

Ar=1, (b) Ar=2.5 and (c) Ar=5.

Fig. 7: Models with (a) horizontal, (b) inclined and (c) vertical randomly spread particles with 

an aspect ratio of 2.5 and a particle percentage of 35%. 

 

Fig. 8: Laboratory measurement simulations for a resistivity contrast of 1000. Normalized 

effective resistivity ρn as a function of the particle percentage for three particle orientations: 

vertical (triangles), inclined at 45° (diamonds) and horizontal (squares). Results are shown for 

two different particle aspect ratios: (a) Ar=2.5; (b) Ar=5. Results for circular particles are 

shown with circles. The theoretical equation of Mendelson and Cohen (1982) is drawn for 

particles longitudinal (L) and transverse (T) to the current lines, and for circular shape (S).  

 

Fig. 9: Field measurement simulations for a resistivity contrast of 1000. Normalized effective 

resistivity ρn as a function of the percentage of particles for three particle orientations: vertical 

(triangles), inclined at 45° (diamonds) and horizontal (squares). Results are shown for two 

different particle aspect ratios: (a) Ar=2.5; (b) Ar=5, and fitted with Bussian’s equation 

(dashed line) by adapting the exponent m value. Results for circular particles are shown with 

circles. 

 

Fig. 10: Normalized average resistivity ρn as a function of the percentage of particles (with 

Ar=5) for three values of resistivity contrast: (a) 1000, (b) 100, (c) 10. Numerical results of 

laboratory measurement simulations are shown for three particle orientations and circular 
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particles (same symbols as in Figure 8). The results are fitted with the Bussian’s relationship 

(equation 3), by adapting the m exponent, and with the Mendelson and Cohen formula 

(equation 2) for a resistivity contrast of 1000.  

 

Fig. 11: Paradox of anisotropy in a heterogeneous medium containing aligned elongated 

particles. (a) and (b) Laboratory measurements and associated 2D true resistivity ellipses for 

vertical and horizontal particles, respectively. (c) and (d) Field measurements and associated 

2D apparent resistivity ellipses for vertical and horizontal particles. 

 

Fig. 12: Normalized effective resistivity ρn (field measurement simulations) as a function of 

the percentage of elongated particles (Ar=5) for a resistivity contrast of 1000. Numerical 

results are compared with theoretical results (dotted-dashed lines) taking into account the 

paradox of anisotropy for two particle orientations: horizontal (squares) and vertical 

(triangles). Circles and dashed line represent the circular particle case. 
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